Introduction {#s1}
============

The genome of *Drosophila melanogaster* contains over 100 families of transposable elements (TEs). The majority of them have potentially functional copies \[[@B1]\]. Studies of the TEs are mostly focused on the genetic consequences of their activities; therefore most attention has centered on germline transposition events. Indeed, the DNA transposon *P* and non-LTR retro-element *I* normally transpose only in the germline \[[@B2],[@B3]\]. However, other TEs are active in somatic tissues. Recently, new transpositions of *hobo* (a DNA transposon) were detected in salivary glands by FISH \[[@B4]\]; and *R2* (non-LTR) has been demonstrated to transpose in various tissues by a PCR-based assay \[[@B5]\].

Interest in somatic transposition is growing after substantial evidence of somatic transpositions of the mammalian non-LTR element L1 (Line 1) was discovered \[[@B6]\]. L1 shows tissue-specific activation: new insertions in neuron precursors (hippocampus) were detected compared to other tissues using an engineered element \[[@B7]\], quantitative PCR \[[@B8]\] or enriched high-throughput sequencing \[[@B9]\]. The expression activation of the retrotransposon is affected by DNA de-methylation \[[@B10]\]. This phenomenon is speculated to be beneficial for brain development \[[@B7]\]. Also, both germline and somatic new L1 insertions were shown to occur during early embryogenesis \[[@B11],[@B12]\]. In that the transposons are regularly restricted by epigenetic mechanisms, the possibility of element activation under conditions that compromise these mechanisms may lead to diseases such as cancer.

In *Drosophila*, TE activities are suppressed in general by small RNA mediated RNA interference \[[@B13]\]. The piRNA pathway is thought to function primarily in the germline and somatic ovarian follicle cells to silence TEs \[[@B14]\]. Thus the main role of the pathway is suggested to maintain genome integrity between generations. On the other hand, the siRNA pathway is assumed to work mainly in the somatic tissues \[[@B15]\]. piRNAs and siRNAs homologous to TEs were isolated via association with the Piwi and Ago2 proteins, respectively \[[@B16]-[@B19]\]. When the main components of both pathways are mutated, the expression level of monitored TEs was increased. The *in vivo* mRNA level of selected TEs is elevated several fold when *Dcr2* or *Ago2* is knocked out \[[@B17]-[@B21]\]. However, it is not known whether the modest mRNA increase leads to new insertions of the elements. For example, the yeast LTR retrotransposon Ty1 can express to a very high level of mRNA (up to 10% of total mRNA in the host cell), but transposition rate is very low (10^-8^ to 10^-5^ per cell per generation) \[[@B22]\]. The DNA transposon P element is transcribed in somatic cells, but no transposition was observed \[[@B2]\].

A simplified Flourescent In Situ Hybridization (FISH) protocol was developed for polytene chromosomes from salivary glands to demonstrated that new TE insertions do in fact occur as a result of the increased expression when RNAi is compromised. In addition, our results demonstrate that the siRNA pathway represses TE transposition in somatic cells, in addition to the germline, not only in the absence of RNAi but also in a quantitative manner.

Materials and Methods {#s2}
=====================

Stocks and genetic crosses {#s2.1}
--------------------------

The *Drosophila melanogaster* sequence reference strain *y; cn bw sp* was obtained from the Bloomington Stock center (\#2057) and is referred to as 2057. Canton S is a commonly used wild type strain maintained in our lab. The *dcr2* mutant strains *y w eyFLP; FRT42D dcr-2* ^*G173E*^ */CyO* and *y w eyFLP; FRT42D dcr-2* ^*C473Y*^ */CyO* were obtained from R. Carthew's lab (29). The *ago2* ^414^ strains are *w* ^m4h^ *; ago2* ^*414*^ */TM3, Ser* and *w* ^m4h^ *; ago2* ^*414*^ */MKRS*. Both strains have been maintained in our lab. To cross these mutations into Canton S or 2057 background, we used an multi-balancer strain: *y w* ^67c23^ *; Gla/CyO, P*{*w* ^*+mc*^ *= ActGFP*}*; MKRS/TM3, Ser P*{*w* ^*+mc*^ *= ActGFP*}. The genetic crosses to generate larvae for analysis are listed in Supporting Information ([Methods S1](#pone.0072163.s008){ref-type="supplementary-material"}).

FISH protocol {#s2.2}
-------------

The detailed method can be found in Supporting Information ([Methods S1](#pone.0072163.s008){ref-type="supplementary-material"}).

Statistical analysis {#s2.3}
--------------------

We used Fisher exact test and Chi square test for each pair of data sets. We assume that with the same genotype the transposition rate between larvae would be equal and the observed variation was caused by random distribution. For simplicity, we treated each transposition as a single event. The analysis was performed by SAS.

Results and Discussion {#s3}
======================

Development of a method to detect somatic TE transposition events in Drosophila {#s3.1}
-------------------------------------------------------------------------------

The polytene chromosomes from *Drosophila* salivary glands display a detailed banding pattern. When a homologous probe for a target sequence is labeled, after *in situ* hybridization, the location of the target sequence can be distinguished within the range of 50-200 kb \[[@B23]\]. Our laboratory developed a very efficient FISH protocol for plant chromosomes \[[@B24]\]. Using that protocol \[24\], we made changes to published methods for Drosophila chromosomes \[[@B23]\] (see Supporting Information for a detailed protocol).

First, we used a simplified buffer system for squashing and fixing chromosomes. Salivary glands are dissected from 3^rd^ instar larvae in saline solution (0.7% Sodium Chloride), and then transferred to 62.5% acetic acid for fixation and squashing. UV-crosslinking was further applied to adhere the chromatin to the slide. We found that paraformaldehyde used for fixation causes a strong background and is not necessary for FISH. We also improved the technique of squashing to increase the number of cells that are well spread and suitable for analysis.

Second, the probe DNA was prepared by PCR amplification with a size of approximately 1 kb (See [Table S1](#pone.0072163.s004){ref-type="supplementary-material"} for primers). Smaller sized DNA fragments (\~ 400 bp) for LTRs of the retrotransposons worked well without obvious reduction of signal detection or contributing to the background. These fragments are labeled by incorporating fluorochrome conjugated nucleotide by nick-translation. Using fluorophores replacing biotin labeling permits multiple elements to be analyzed simultaneously.

Third, we used only one buffer (2XSSC+TE) for hybridization. Before hybridization, we denatured the probes and the chromatin on slides in a boiling water bath.

The distribution of TEs changed in the genome-sequenced reference strain after over two decades of maintenance {#s3.2}
--------------------------------------------------------------------------------------------------------------

We used the genome-sequenced reference strain (Bloomington Drosophila Stock Center is \#2057 and referred to as 2057 here) \[[@B25]\] for our experiments. In this strain the location of every element was presumably determined. This known pattern aids in the recognition of the banding pattern and as a test of the efficiency of our FISH protocol.

The LTR-retrotransposon 297 and the non-LTR elements, DOC and F, exhibit increased expression in cells with *ago2* or *dcr2* knockdowns \[[@B17]-[@B21]\]. Another non-LTR element, Jockey, has been stable in the sublines of the sequenced isogenic strain including 2057 \[[@B26]\]. Interestingly, for all of these elements, new deletions or insertions occurred during the period of maintenance ([Table 1](#tab1){ref-type="table"}).

###### New insertions and deletions detected in 2057.

  Element   Total expected   Deletions                                  Insertions
  --------- ---------------- ------------------------------------------ -------------------------------------------------------------------
  297       26               9D2 10B1 10D1 28D3 35D3\*                  74D^\#^
  DOC       38               32E1 43F1 44C4 49F3 65D1 78E6 84D9 100D1   7C 9C 12B 17B 22B^\#^ 27E 57A 66C^\#^ 70E^\#^ 85D 92A 92A 92D 92F
  F         30               34C 41B3 41C6 42A14                        32D 33E 47A 48F 85B 89B 98E
  Jockey    20                                                          98D^\#^

LTR remained.

Not present in all larvae and/or only one copy in a genome.

New insertions are expected if the retrotransposons have been activated. Based on the genome sequence, we expected to see 38 bands in the euchromatin for DOC. Eleven new bands were detected ([Figure 1](#pone-0072163-g001){ref-type="fig"}). They are likely fixed in 2057 because they are present in all the larvae and their offspring that were analyzed. There are three additional new DOC insertions because they are present in only some of the larvae or their offspring. At the same time, 8 deletions were detected and they are likely fixed in the genome ([Figure 1](#pone-0072163-g001){ref-type="fig"}) although it cannot be determined whether such deletion is for all or part of the element that might be below the level of detection. Similarly for the F-element, 7 new bands and 4 deletions were seen, whereas 30 bands were expected ([Figure S1](#pone.0072163.s001){ref-type="supplementary-material"}). Jockey is more stable in that only one new band was detected with a signal indicating heterozygosity compared to neighboring bands ([Figure S2](#pone.0072163.s002){ref-type="supplementary-material"}).

![The distribution of 297 and DOC on the chromosomes of 2057.\
297 LTR was detected and shown in green and DOC was probed and shown in red. The new bands from the reference genome sequence were indicated with "\*". When an expected band was not present, the name and the position of the band was shown in the picture with the designation: "\\" (the deleted 297 bands is shown in [Figure S3](#pone.0072163.s003){ref-type="supplementary-material"}).](pone.0072163.g001){#pone-0072163-g001}

For the LTR-element 297, 26 bands were expected. Four bands were deleted and likely fixed ([Figure 1](#pone-0072163-g001){ref-type="fig"}). Unlike in plants \[[@B27]\], only a small number of possible solo LTRs were found in the genome, suggesting LTR recombination is not common ([Figure S3](#pone.0072163.s003){ref-type="supplementary-material"}). No fixed new 297 insertions are detected except one new band detected in one larva, suggesting that 297 is more stable than DOC and F.

Similar results to a few other elements were observed in this strain. Zakharenko et al. \[[@B28]\] analyzed the DNA element hobo and the LTR retrotransposons 412 and *mdg1* using polytene FISH. Out of 30 expected 412 bands, 4 were deleted with 3 novel insertions. For *mdg1*, one deletion and 1 new insertion were found out of 29 expected bands. However, the relatively young element hobo was much more dynamic: 10 of 24 bands were lost from their original locations and 36 new insertions appeared.

Increased somatic transposition in Dcr2 or Ago2 mutants {#s3.3}
-------------------------------------------------------

To detect somatic transpositions, salivary glands from only one larva were analyzed on each slide. A TE band present in a cell but not in others on the same slide was defined as a somatic transposition ([Figure 2](#pone-0072163-g002){ref-type="fig"}). Also, if a new insertion band is shared by multiple cells from a single larva, this scenario is conservatively scored as one transposition event.

![Examples of detected somatic transpositions.\
(A) A new DOC band is shown at 3R: 88C in a cell of a *dcr2*\[CY\]/+ larva (bottom row) but not in another cell from the same pair of salivary glands (top row). (B) Similarly a new 297 band is shown at 3R: 86C in a cell of a *dcr2*\[GE\]*/*\[CY\] larva but not in its sister cell (upper row). Each row shows three color channels of blue, green and red in order from left to right and a merged image in the very right. The arrows point to the positions of the new bands.](pone.0072163.g002){#pone-0072163-g002}

To study how the siRNA pathway affects TE somatic transpositions, we focused on 297 and DOC with both elements being analyzed simultaneously. The *dcr2* (including alleles *dcr2* ^*G173E*^ and *dcr2* ^*C473Y*^ \[[@B29]\], called *dcr2*\[GE\] and *dcr2\[CY\]* here) or *ago2* (that is, *ago2* ^414^ \[[@B30]\]) chromosome was introduced into 2057 or the Canton S background by genetic crosses. However, we failed to transfer the *ago2* ^414^ mutation into the 2057 background possibly because the *ago2* ^*414*^ /+ offspring had very low survival rate. The original *ago2* ^414^ strain was crossed to a strain with balancers *TM3, Ser/MKRS*; the offspring with *ago2* ^*414*^ */TM3, Ser* or *ago2* ^*414*^ */MKRS* were kept as two lines in the lab for several years. The 3^rd^ chromosome from either line with *ago2* ^414^ was designated as *ago2-T* or *ago2-M*, respectively, and both were transferred to the Canton S background to test the effect of *ago2* on TE activities.

By analyzing the "+/+" wild type strains 2057 and Canton S, both 297 and DOC were kept largely inert in most of cells: Out of 115 cells in 2057 larvae analyzed, only one 297 somatic transposition and none of DOC were detected ([Figure 3A](#pone-0072163-g003){ref-type="fig"} and [Table S2](#pone.0072163.s005){ref-type="supplementary-material"}). From 231 Canton S cells, none of 297 and one of DOC were found ([Figure 3](#pone-0072163-g003){ref-type="fig"} and [Table S3](#pone.0072163.s006){ref-type="supplementary-material"}).

![The *ago2* and *dcr2* mutations caused increased transposition of 297 and DOC.\
The somatic transposition rate of both elements was measured in wild type, heterozygous mutant and homozygous mutant in the 2057 or Canton S backgrounds as the number of events per 100 cells. (A) 297 somatic transposition rate with *dcr2* mutations in both backgrounds. (B) 297 somatic transposition rate with *ago2* mutations in the Canton S background. (C) DOC somatic transposition rate with *dcr2* mutations in both backgrounds. (D) DOC somatic transposition rate with *ago2* mutations in the Canton S background. Paired comparisons for significance of difference are shown in each chart, and "\*\*" indicates p \<0.01 and "\*\*\*" indicates p\<0.001.](pone.0072163.g003){#pone-0072163-g003}

In previous studies of RNAi, the *ago2* and *dcr2* mutants were compared to heterozygotes as controls \[[@B17]-[@B21]\]. It is assumed that one copy of each wild type gene would be sufficient for full function. 297 remained stable in the *ago2*/+ and *dcr2*/+ strains compared to wild type. It is possible there is a slight increase in the *dcr2\[CY\]/+* strains, but the difference is not significant in our sample size. Somatic 297 transposition events per 100 cells can reach \>20 in the homozygous mutants of *ago2* or *dcr2*, clearly confirming that RNAi regulates TE activities somatically ([Figure 3A and 3B](#pone-0072163-g003){ref-type="fig"} and [Table S2](#pone.0072163.s005){ref-type="supplementary-material"}-4). Most new insertions are detected in only one cell, indicating the transposition occurred late in development. However, occasionally a new event was observed in two or more cells suggesting a transposition during development of the gland. Also, sometimes two new bands are found in a single cell. In a different background, the same mutants can have a significantly different rate of somatic transpositions (*dcr2* in 2057 and Canton S, p \<0.0001) ([Figure 3A](#pone-0072163-g003){ref-type="fig"}).

DOC is also clearly somatically activated in the *dcr2* or *ago2* strains ([Figure 3C and 3D](#pone-0072163-g003){ref-type="fig"} and [Table S2](#pone.0072163.s005){ref-type="supplementary-material"}-4). Its transposition rate is increased to about 10 per 100 cells. Interestingly, in the heterozygous strain *dcr2\[CY\]*/+ in the 2057 background, DOC is also significantly activated (6.4 transpositions per 100 cells; p\<0.001) whereas for *dcr2\[CY\]*/+ in the Canton S background, it is only slightly or not active (0.9 transpositions per 100 cells; the difference is not significant compared to the wild type). The strains *ago2-T*/+ and *ago2-M*/+ in the Canton S background are likely identical. Nevertheless, DOC is clearly activated in the *ago2-M*/+ strain (5.5 transpositions per 100 cells) compared to the wild type and in the *ago2*-*T*/+ strain (p\<0.001), the rate is comparable to that within the homozygotes of *ago2-T* (6.1 transpositions per 100 cells). Within *ago2-M* homozygotes, DOC transposition is further increased (from 5.5 to 14.5) ([Figure 3D](#pone-0072163-g003){ref-type="fig"}). These results indicate that TEs can be activated in heterozygotic RNAi mutant strains, presumably depending on modifying factors.

We noticed in the *dcr2\[CY\]*/+ strain with the 2057 background, a new insertion of DOC occurred in more than half of the analyzed cells of a larva (25 out of 35). Thus, this transposition likely occurred early in the development of the salivary gland tissue. This finding suggests that somatic transposition could occur in a very early stage.

We also observed possible new insertions in the germline that occurred in *dcr2*/+ flies ([Table 2](#tab2){ref-type="table"}). In the *dcr2*/+ larvae with the 2057 background, new insertions were observed that were shared by all the cells from the same larva but not by other larvae from the 2057 original stock or from other 2057 derived larvae. These cases may represent new germline insertions. Another possibility is that these insertions existed in the original population. However, the population raised in our lab is derived from only several adults. Both elements in wild type are very stable, especially 297; only one new insertion in some individuals was found after more than 2 decades of maintenance. We observed 5 new 297 insertions and 5 new DOC insertions in 4 larvae of *dcr2*\[GE\]/+. Some of them were shared by individuals in the group but not by the *dcr2\[CY\]*/+ cohort although siblings from 2057 was used to generate both groups. New germline insertions were also likely for the *dcr2\[CY\]*/+ group but less frequent. We found 1 new insertion of each element. They were not shared by the wild type control or the *dcr2*\[GE\]*/+* larvae ([Table 2](#tab2){ref-type="table"}).

###### Variant new insertions of 297 and DOC found in wildtype or *dcr2*/+ larvae in the 2057 background.

                 larvae \#   297           DOC
  -------------- ----------- ------------- -----------------
  Wild type                                
                 l 1                       22B 70E
                 l 3                       70E
                 l 6                       
                 l 3\'                     
                 l 4\'       74D           66C
                 l 6\'                     
  dcr2\[GE\]/+                             
                 l 1         67B 100B      23A 87A
                 l 10        100B          23A 62A 87F
                 l 15        69D           23A 70E 87A 87F
                 l 13\'      69D 99F 99A   23A 70E 76A
  dcr2\[CY\]/+                             
                 l 2                       1E
                 l 5                       1E 66C
                 l 6         79F           66C
                 l 7                       

Analyzing TE transposition events in individual cells has previously been largely performed in single cellular organisms such as yeast *Saccharomyces cerevisiae* or *in vitro* cell cultures. Ty1, the yeast LTR retrotransposon, is possibly the most thoroughly studied element. This TE has over 30 active copies in the yeast genome and is highly expressed with mRNA reaching 10% of total mRNA in the cell \[[@B22]\]. However, the host genome encodes multiple mechanisms to control Ty1's mobility post-transcriptionally \[[@B31]\]. Consequently, new movements are rarely detected in the cell population, with a maximal rate of \<10^-4^ per cell for the engineered element when the most efficient inhibitor gene is knocked out \[[@B30]\]. However, the *Drosophila* LTR element 297 is much more active (as much as 0.2 transposition per cell) in the salivary gland cells when the siRNA pathway is impaired. DOC activity can reach the same high level. The mobility of the L1 element, another non-LTR retro-element, was assayed *in vitro* in the neuroblastoma cell line. New insertions of the engineered element can be detected at a rate of 0.4 per cell \[[@B32]\]. Therefore, it is likely that retrotranspons in somatic cells of multi-cellular organisms have very high potential mobility. This observation highlights the importance of the siRNA pathway and/or other epigenetic mechanisms in maintaining genomic integrity.

Conclusions {#s4}
===========

Our results demonstrate, that in the absence of a functional RNAi machinery transposable elements have a significantly increased number of new somatic insertion events. Moreover, when this machinery is compromised by having only half of the normal amount of either Ago2 or Dcr2, there can be an elevated number of somatic insertions. This finding indicates that quantitative modulation of the RNAi machinery under normal circumstances has the potential to impact somatic insertion and hence mutation rate.
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======================

###### Distribution of F element on 2057 polytene chromosomes.

The unexpected bands from the reference genome sequence were indicated with "\*". When an expected band was not present, the name and the position of the band was still shown with the designation "\\".

(PDF)

###### 

Click here for additional data file.

###### Distribution of Jockey on 2057 polytene chromosomes.

The unexpected bands from the reference genome sequence were indicated with "\*".

(PDF)

###### 

Click here for additional data file.

###### Detecting LTR and full-length bands of 297 on 2057 polytene chromosomes.

LTR probe was labeled green and full-length probe is red. The bands detected by the LTR probe but not by the full-length probe are numbered in green font. When an expected band was not present, the name and the position of the band is designated "\\".

(PDF)
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Click here for additional data file.

###### Somatic transposition summary with *dcr2* mutant and control in 2057 background.
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Click here for additional data file.

###### Somatic transposition summary with *dcr2* mutant and control in Canton S background.
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Click here for additional data file.

###### Somatic transposition summary with *ago2* mutant and control in Canton S background.
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Click here for additional data file.

###### Primers used for amplifying the TE probes.
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Click here for additional data file.
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